A lab-on-a-chip (LOC) magnetophoretic system for the remotely controllable transport of magnetic particles actuated by thin permalloy magnetic tracks has been developed as a novel architecture composed of radii and spiral tracks resembling a spider web network, where the network tracks have the asymmetric and anisotropic magnetic properties for the directional transportation of particles (cargos). A planar Hall resistance (PHR) sensor is integrated with the web networks, and the manipulation and detection are achieved via superparamagnetic particles with dual functions as a biomolecule cargo for transportation and labels for monitoring. The streptavidin protein-coated magnetic particles are precisely manipulated toward the PHR sensor surface via the radii and spiral tracks by applying an external rotating magnetic field. The stray field was analyzed in terms of the particle coverage on the sensor surface, where the sensor signal linearly varies with the number of particles on the sensor surface. This allows the effective collection of low-density biomolecule carriers to one specific point and monitors the accumulated carriers. The developed novel technology could affect multiple fields, including bioassays, cell manipulation and separation and biomechanics.
INTRODUCTION
Significant developments have been made in biosensors integrated with lab-on-a-chip (LOC) platforms driven by the advances in biotechnology, nano/micro-technologies and microfluidics. [1] [2] [3] [4] [5] [6] These miniaturized, highly integrated systems have the potential to achieve high-resolution molecular detection, more rapid and multiplexed analyses and reduced reagent sample volume (that is, the μl or even pl range). 2, 7 Although innovative and more advanced sensors have been developed for specific biomolecule detection down to approximately fM resolution, [8] [9] [10] [11] [12] the nm-μm-sized sensor resolution is not limited by the signal transduction limitation but instead by the lack of appropriate analyte transport in solution that governs the detection time and results in poor sensor performance. 2, [13] [14] [15] Therefore, the control over transporting specific biomolecules to the sensing site is a prerequisite for an ideal LOC platform able to overcome diffusive accumulation in solution and achieve high-resolution detection of analytes and short detection times.
Since the late 1990s, magnetoresistive (MR) sensors have been used for sensing biomolecules via superparamagnetic nano/micro-particle labels 11, 12, 16, 17 that also act as bioanalyte carriers under applied magnetic field. Magnetic particles are stable and require minimal sample purification when they are used as labels in MR detection systems because of the negligible magnetic background of complex bioanalytes. 14 Moreover, these MR sensors are compatible with established semiconductor processing technology and are very sensitive, inexpensive and easily integrated into LOC systems for miniaturization. 18 Particularly, the high signal-to-noise ratio, small off-set voltage and linear response at small field of planar Hall resistance (PHR) sensors relative to other MR sensors make them promising candidates for the LOC-based biosensors for high-resolution detection. 19 Recently, bioanalyte (for example, cells, DNA and proteins) transportation using superparamagnetic nano/micro-particle carriers have gained significant importance because of its potential application in molecular diagnosis and separation technology. [20] [21] [22] Biomolecules can be easily conjugated to magnetic particles using their surface chemistry and then manipulated to the desired location. Various approaches to controlled magnetic transport systems have been reported. For example, an array of separated magnetic disks was successfully used to transport superparamagnetic particles through periodic patterns by changing the magnetic field direction. [23] [24] [25] In these symmetric array patterns, the driving force underlying translocation is caused by the out-of-plane rotation of the magnetic field, and the particles move linearly along the plane of the rotating field by hopping through the periodic patterns. Although the particle moving direction can be controlled by the direction of the rotating field plane in a two-dimensional platform, the particle positions cannot be controlled accurately.
Asymmetric shapes along the magnetic pathway patterns cause differences in the magnetostatic potential energy when the local field is parallel to the external field. Thus, the magnetic particle trajectory can be precisely controlled by shifting the energy minima across the substrate. [26] [27] [28] Similarly, the lateral asymmetry pathway causes lateral differences in the field distribution, where particles move through ellipses and continuous edges of sawtooth, 29, 30 and magnetic conductor patterns, 21, [31] [32] [33] directionally controlled by the rotating field directions. Although the massive linear transportation of biofunctionalized particles was achieved by parallel pathways in our previous report, 26 there has yet to be more precise transport of particles to a concentric point, and also there is still no magnetic architecture available for controlling low-density biocarriers as well as overcoming the low diffusion transport of biomolecules toward the sensing region.
In the present paper, to overcome the drawbacks of effective collection of biomolecule carriers by current available techniques, we established novel magnetic pattern architecture that resembled a spider web network. Specifically, the assemblies of several half-disk magnetic patterns were arranged as radii and spiral tracks, and the MR sensor was integrated at the center node of the spider web. This innovative magnetic spider web can achieve high concentric translocation of streptavidin-coated magnetic particles to one point and then diverge away from that point upon the application of a rotating magnetic field in clockwise and counterclockwise directions, respectively. Our efforts allowed collecting the streptavidin-coated carrier particles at far distances from the sensing area and monitoring them based on the integrated MR sensor. Here, the superparamagnetic particles not only play the role of biomolecular cargo for transportation, but also act as labels for the sensor, where the stray field was analyzed in terms of the particle coverage on the sensor surface. The developed novel platform substantially increases the collection capability of biomolecules even in low density and, thus, the sensitivity of the biosensor.
MATERIALS AND METHODS Materials
The streptavidin-coated superparamagnetic particles with a diameter of 2.8 μm (Dynabeads M-280) were purchased from Invitrogen (Waltham, MA, USA). The Wafermart Company (Cheongju, Korea) provided the silicon wafers coated with 200 nm thick SiO 2 . The photoresist (AZ 5214-E) and corresponding developer were purchased from AZ Electronic Materials (Seoul, South Korea). Poly(dimethylsiloxane) (Sylgard 184) was procured from Dowhitech Silicone Co. Ltd (Goyang, Korea). We used Atto-520 biotin from Sigma-Aldrich (St Louis, MO, USA) and phosphate buffer was obtained from Bioneer Company (Daejeon, Korea).
Fabrication of the MR sensor on magnetic patterns
The details of the MR sensor fabrication process have been described elsewhere. 34 Briefly, the sensor was fabricated on a silicon wafer using a standard photolithography technique. The sensor was composed of a Ta(5)/NiFe(10)/IrMn(10)/Ta(5) (nm) film stack coated with 100 nm thick SiO 2 and patterned into a PHR sensor electrode geometry. A uniform 7.96 kA m − 1 magnetic field was applied parallel to the film plane during the sputtering process to induce unidirectional anisotropy of the NiFe layer via exchange coupling with the antiferromagnetic IrMn layer.
Magnetic spider web design
A conventional photolithography and lift-off technique was used to fabricate soft permalloy (Ni 80 Fe 20 ) patterns of 100 nm thickness on the passivated PHR sensor. The linear radii tracks consisted of a periodic array of half-disks with 5 μm radii connected by narrow magnetic segments with lengths of 2 μm. Each radii track was also connected to several spiral tracks at a distance of 14 μm. Finally, the spiral track-integrated radii were inclined at an angle of 22.5°, similar shape to a spider web. We intentionally introduced the half-disk asymmetry in this design to confine the particles to the curved (upper) section of the magnetic track where the field gradients are strongest. The short magnetic segments connecting the half-disks were designed to impose an energy penalty for a particle to cross over the spiral track.
Rotating magnetic field setup
The driving force for the magnetic particle was achieved using a rotational magnetic field produced by passing current through pairs of solenoid coils with ferrite cores controlled by LabVIEW (National Instruments, Seoul, South Korea). 26 The sense of the field rotation was adjusted by applying a phase difference of ± 90°between the orthogonal coils with field magnitudes ranging from 0 to 15.9 kA m − 1 . The motion of the superparamagnetic particles on the pattern was tracked via video microscopy using an IMC-1040FT camera (IMI Tech, Anyang, South Korea) connected to a computer. The total experimental setup, including the rotating magnetic field device, and picture of the magnetic spider web chip is shown in Supplementary Figure S1 .
μ-MOKE measurement analysis
The spatial magnetic state of the half-disk pattern was examined by micro-magneto optical Kerr effect (μ-MOKE) microscopy by applying an external magnetic field, where the sample was staged in between two electromagnets and the beam is focused to ∼ 3 μm diameter spot on the sample surface. The Kerr signal variation is analyzed through analyzer and the images were observed through CCD camera. The angle of the magnetic field to sample varied by mounting the sample with different angles.
Conjugation of Atto-520 biotin on streptavidin-coated particles
Initially, 5 μl of streptavidin-coated magnetic particles was washed several times with phosphate-buffered saline (pH 7.4) to remove preservatives. Then, the magnetic particles were suspended in 90 μl of phosphate-buffered saline. To this, 5 μl of diluted Atto-520 (1 mg of Atto-520 biotin per 200 μl of ethanol) was added, and the solution was continuously stirred for 2-3 h at room temperature to successfully complete the streptavidin-biotin conjugation. Then, the particles were washed with phosphate-buffered saline several times to remove excess biotin.
Finite element method for magnetic simulation
The Maxwell 3D software (version 16.1, Ansys, Canonsburg, PA, USA) was utilized for magnetic simulation using the finite element method. Here, the measured magnetization hysteresis curve of a thin permalloy film with a thickness of 100 nm was used to model the magnetic field distribution and magnetostatic potential energy, as shown in Supplementary Figure S2 .
The magnetic potential energy on a superparamagnetic particle around the half-disk pattern pathways is proportional to the square of local magnetic field strength at particle position. The potential energy acting on the particle is given as follows:
where V is the particle volume, χ v is the magnetic volume susceptibility of the particle (the magnetization of the surrounding medium is neglected), μ 0 is the vacuum permeability and effective field B ! is the sum of applied (H app ) and generated (H pattern ) magnetic field from pattern at the particle position. The potential energy of the particles was determined using equation (1), and is plotted as a function of the external field orientation.
Characterization of magnetic tracks and superparamagnetic particles
Figures 1a and b present schematics of the inclined half-disk alignments corresponding to the spider web radii tracks, where the particles move toward the converging site (red arrows) and diverge away from the converging site (blue arrows) when the applied magnetic field is rotated in clockwise and counterclockwise direction, respectively. The particles, which are actuated by the effective magnetic field, can linearly move from one point to another along these tracks. The linear radii track consisted of a half-disk pattern (5 μm radius) connected by 2 μm long narrow magnetic segments ( Figure 1c ). The angle between the two concentric radii tracks was 22.5°, and the distance between the two spiral tracks was 14 μm. We also arranged an assembly of 90°joined linear tracks (T-junctions) to resemble a spider web spiral. The total size of the spider web network is nearly 2 mm in diameter. Finally, the MR sensor was integrated in the center of the spider web for the monitoring of biomolecules. The scanning electron microscope image of the MR sensor integrated at the center of the spider web patterns and the measurement parameters are shown in Figure 1d . The cross-sectional view of the material layers, electrode structure and passivation involved at the junction (shown as A and B in Figure 1d ) is schematically shown in Figure 1e . The morphological structure of the streptavidin-coated magnetic particles with a 2.8 μm diameter was observed using scanning electron microscope (Figure 1f ). The streptavidin-coated particles were functionalized with Atto-520 biotin to display fluorescence. The confirmation of the Atto-520 biotin conjugation to the magnetic particles was confirmed by fluorescence microscopy. Figures 1g and h represent the bright-field and fluorescence images, respectively, of the particles conjugated with Atto-520 biotin. These images clearly show that the magnetic particles exhibit highly intense fluorescence.
RESULTS AND DISCUSSION
The basic concept relies on the construction of multiple T-junction tracks to connect the radii and spirals of the magnetic spider web network. For this particular geometry, upon the clockwise rotation of the magnetic field, the carrier particles on the radii track move toward the centrally placed magnetic sensor by crossing the T-junction because of the energy minima of the magnetic pattern toward the converging site (Figure 2a and Supplementary Video S1). In addition, the particles on the spiral track approach the radii track and then move toward the central region. A high-magnification image of the particle trajectories along the web network junction is shown in Figure 2b , in which the white arrows indicate the particle path, and the black dotted rectangle identifies the linear track around the junction. The fluorescence image of the particles on the concentric site of the magnetic spider web is shown in Figure 2c (Supplementary Video S2). The counterclockwise rotation of the magnetic field shifts the particles away from the spider web center (Figure 2d and Supplementary Video S1). However, unlike clockwise rotation, when the magnetic field rotates in counterclockwise direction, the particles cannot cross the T-junction because of the energy barrier and, thus, follow another outgoing curved pattern that is called diverging radii (Figure 2e ; white arrows show the outgoing particle pathway, and the black dotted rectangle show the spider web T-junction and diverging radii). Actually, this diverging radii track plays a dual role of converging and diverging but the most important function of these radii is diverging of the particles from center node. If the diverging radii track is not available, then the particle moves to the T-junction where it cannot cross the junction and moves toward the edge of spiral and revolves around the half-disk of the edge of spiral. The fluorescence image of particles along the diverging radii track is shown in Figure 2f (Supplementary Video S2).
The particle movement along the linear track is based on the asymmetric feature of the local magnetic state of half-disk pattern. 26 The spatial magnetic state of the half-disk pattern was examined by μ-MOKE microscopy by applying an external magnetic field. Figure 3a shows the schematic drawing for μ-MOKE measurement system with 3 μm spatial resolution, where the relative magnetization Magnetic spider web performance B Lim et al is related with the polarization angle change of reflected light from magnetized surface, that is Kerr signal. The longitudinal Kerr signal is proportional to the angle of local magnetization relative to the optical plane of incident light, where the skin depth is to be~30 nm. 35 As shown in Figure 3b , local magnetization loops measured at 0°cyclic field over half-disk patterns are not uniform. As whole, these measurements mean that the magnetization variation is not uniform during the rotation of field, indicating that the anisotropic feature is accompanied near the pattern edge. Because the stray field is caused by local magnetization, magnetic energy variation is not uniform during the field rotation.
Here, the sample stage was rotated relative to a fixed incidence and reflected light direction for the measuring angle variation. As in Figure 3c , variation of relative magnetization, that is, the change of the angle between magnetization and plane of incident light, is drastically decreased for linear flat surface rather than coercivity. Comparing magnetization loops for flat and curved, P1 and P2, in Figure 3d , relative magnetization at P1 decreases with varied angle, but its variation is not so significant in P2, indicating the directional change of magnetization, where anisotropic feature is distinctive near P1.
Although there is anisotropic variation of local stray fields during the field rotation, the motion of the particles along the linear and T-junction tracks is more clearly examined by simulation of time-varying magnetic energy. 26 The insert of Figure 4a represents the schematics of particle movement along the T-junction track, consisted of patterns 1 and 2. The minimum energy near the T-junction is slightly modified relative to the single pattern element and has two traces along patterns 1 and 2. As shown in Figure 4a , trace of minimum energy along the curve of pattern 1 is lower than that of pattern 2, even though positional change of minimum energy amount is to be 32.5% (−0.95 × 10 5 to − 1.38 × 10 5 k B T). It indicates that the particle could not move toward the flat edge of pattern 2 and the particle can easily cross the junction when the applied field rotates in clockwise rotation.
However, when the applied field rotates in counterclockwise direction, the particle moves upward at junction. This phenomenon can also be described in terms of the energy barrier formed between the patterns. Considering different arc positions along the curves of the patterns 1 and 2 ( Figure 4b ) from 70°to 140°, the particle moves along pattern 1 at 90°, 120°and 140°with minimum energy positions. The minimum energy of pattern 2 marked as red solid line is lower than that of pattern 1, marked as black dotted line, as shown in Figure 4b . Therefore, the particle moves toward the pattern 2, even though positional variation of minimum energy is nearly 12.2% (−1.22 × 10 5 to − 1.38 × 10 5 k B T) because the higher energy of pattern 1 at 90°prevents the particle from moving toward pattern 1. Thus, under counterclockwise rotation, the particles cannot cross the T-junction.
However, if the diverging radii track is not available, then the particles move toward the edge of track, pattern 3 from pattern 2, and rotate there across the half-disk element instead of moving on the flat edge of pattern 3 toward the flat edge of pattern 2, as schematically shown in inset of Figure 4c . If we consider different arc positions along the curves of the edge of pattern 3 (Figure 4c , inset shows schematic of pattern 3) from 180°to 270°, the minimum energy of curved edge of half-disk marked as red line is lower than that of flat (Figure 4c ). Hence, the particle moves to the curved edge of half-disk element of pattern 3 at the edge and just rotates there instead of moving anywhere (Figure 4d ). Therefore, it is required to arrange diverging radii track where the particles shift their direction to the outgoing linear track (diverging radii), in agreement with the experimental results shown in the red rectangle in Figure 2e . In fact, the diverging radii track plays a dual role of both converging and diverging; however, its main function is the dispersing of particles from the center, where the converging radii can only act for particle collections. In 1 Hz rotating field, nearly all particles within the reach of the spider web network were concentrated at the center point in o1 min. However, the focusing timescales can be significantly faster if higher rotation frequencies are used (for example, 10 Hz). Spider web networks can cover large surfaces. Therefore, low-density particles can be uniformly controlled to move from an arbitrary initial point to a small central region at a uniform rate. In contrast, conventional magnetic separation/collection techniques are highly sensitive to the particle's initial positions. Thus, particles far from the magnetic collection apparatus represent the rate-limiting step in decreasing the collection time. In this demonstration, we achieved particle focusing with local concentrations several orders of magnitude higher than those in the bulk solution. Thus, high concentrations can be obtained even for low-density particles by expanding the reach of the spider web area. In addition, by optimizing the parameters such as magnetic pattern width and length, and the applied rotating field, 36 the magnetic spider web can transport even anisotropic superparamagnetic nanochains or clusters if they do not change their shape or maintained fixed shape by applying the magnetic field during the process of manipulation. However, if the nanochains or cluster will change their shape during the manipulation, 37 then the magnetic spider web could not manipulate nanoclusters precisely.
If the sensor is placed at the spider web center, then it would experience locally enhanced biomolecule sensing via the carriers, leading to better sensitivity and efficiency. Thus, we integrated the MR sensor at the center node on the spider web to monitor the presence of particles as a function of time. A picture of the integrated active MR sensor in the spider web junction and the dummy sensor (Supplementary Figure S3a for the image of the dummy sensor with measuring parameters) fabricated in the same batch are shown in Figure 5a . The MR sensor profiles for the active sensor in the spider web pattern and the dummy sensor are shown in Figure 5b . The active MR signal shows the hysteresis resulting from the field caused by the magnetic hysteretic effect of the patterns. However, no hysteresis is observed in the dummy MR sensor that is far distant from the spider web pattern elements. The calculated sensitivity of the sensor is 0.2 V mT − 1 near the field region of~10 mT, as depicted in Figure 5b .
The particle on the top surface of the MR sensor leads to stray fields around its periphery that opposes the external magnetic field, as schematically shown in Supplementary Figure S3b . The stray field of a single particle is given as the function of magnetic parameters of the particle and the distance from the sensor surface (Supplementary Information, Supplementary Figure S3b) . Here, the x-component of the field induces the sensor signal, and is given as the following equation: 38
where w V is the volume susceptibility of the particle, V particle is volume and r is distance from particle center. Here, the particles are superparamagnetic and the external field is much smaller than the saturation field, as shown in Supplementary Figure S3c . The calculated mean magnetic moment per particle is 6.4 × 10 − 14 A m 2 , where the density of the particles is 1.4 × 10 3 kg m − 3 . 39 It is noted that magnitude of the effective field on the sensor surface is always smaller than that of the applied field because the effective field is the vector sum of the applied and the stray fields. Figure 5c shows the calculated field distribution Equation (2) with z equal to sum of particle radius (1.4 μm) and passivation layer of sensor (700 nm), where the minimum field is revealed (−691.4 μT) near the particle center, and the maximum field (139.6 μT) is revealed for outside of particle (x = ± 2.5 μm). The stray field distributions for paired two particles in x-, y-and z-axis are different (Supplementary Figure S4) and their minimum values are 554, 797 and 746 μT, respectively.
When the neighboring particle number increases on two-dimensional sensor surface, the total field on the sensor could The minimum potential energy is plotted for a clockwise rotating field along patterns 1 and 2 in T-junction. The energy minima allow the particle to cross the T-junction and move toward the linear forward direction instead of going to flat edge. The pattern 1 (red line) has the minimum energy than the pattern 2 (black dotted line). The inset shows the schema of the particle trajectory along patterns 1 and 2. (b) The minimum potential energy is plotted for a counterclockwise rotating field along the patterns (1) and (2) . The minimum potential energy is lowered when the particle moves along pattern 2 instead of pattern 1 which preventing the crossing over a linear segment because of the presence of energy barrier at the junction point make obstacle for the particle movement (the inset shows the schematic of the particle trajectory along each path). (c) The minimum potential energy is plotted for a counterclockwise rotating field along the edge pattern of spiral. Inset shows the schematic of the edge of the spiral pattern (pattern 3). The lower energy minima of linear curve of pattern 3 than that of flat surface indicates that the particles cannot move on the flat surface toward the flat edge of pattern 2 and revolve around edge of the pattern 3 by applying counterclockwise rotating field. (d) The potential energy landscape of particles indicates the local energy minimums from θ = − 60°to − 50°are revealed to across the narrow connection between patterns 2 and 3 (blue and red colors designate the energy minima and maxima, respectively).
Magnetic spider web performance B Lim et al be the vector sum of the field distribution of individual particles. Figure 5d shows the landscape of summing effective field, B x ¼ R Asensor B x dA=A sensor , depending on the particle location for hexagon close packing structure with respect to two-dimensional sensing area, where 30 × 30 μm 2 sensing area was assumed. As a whole, the particles located inside the sensing area induce the negative field (blue color), but the particles located outside the sensing area cause the positive field (red color). In addition, single particles cause different effective fields, even though they are located inside the sensing area, that is,~− 1.130 μT near center (light blue) and − 3.487 μT near edge (dark blue). The effective field on sensor increases with the particle coverage, A particle /A sensing , up to 1 if it is just sum of individual stray field, as shown in Figure 5e , where the increasing rate changes depending on the particle accumulating location (region I). The increasing rate of effective field for accumulated particles from the edge is larger, marked as ① than that for particles accumulating from the center, marked as ② (Figure 5d ). However, the particles located outside the sensing area induce positive field, and thus further increasing particles outside the sensor cause the decrement in the total stray field (region II). When the coverage of accumulated particle A particle /A sensing was approximated to be '1', the effective field was estimated to bẽ 0.34 mT. The MR sensor signal from the electrodes in the y-direction was measured as the magnetic field was swept in the y-direction, where a fixed current of I = 1 mA was in the same direction as the exchange coupling field, that is, through the electrodes in the x-direction. The MR signal profile in the sensor was amplified by 1000 times. Landscape of effective stray field depending on the particle location with respect to sensing area of the sensor, − 1.130 μT near center (light blue), marked as ①, − 3.487 μT near edge (dark blue), marked as ②, and positive 3.069 μT, marked as ③ (red color); color bar is normalized by − 3.487 μT. (e) Relative of stray field variation as a function of increasing particle coverage area (blue line: Hmax(ave), average stray field; red line: Hmax(max), descending order stray field inside sensing area; black line: Hmax(min), ascending order of stray field inside sensing area). (f) The MR signal during particle converging and diverging at the sensor surface, where the MR signal variation becomes saturated and desaturated after only a few rotating field cycles. The percentage of coverage of the sensor surface that resulted with particle accumulation based on rotating field cycles is presented in (f).
Thus, the MR signal near +7.96 kA m − 1 regime (signal decreases with the field) increases as the stray field increases. However, the signal near − 7.96 kA m − 1 (signal increases with the field) decreases as the stray field increases, and the opposite occurs in a diverging process. The full MR signals were recorded under an AC magnetic field applied along the y-axis after each cycle of magnetic field rotation (Supplementary Figure S5a) , and the signal variation was obtained by averaging ΔV 1 and ΔV 2 for converging and diverging processes.
The measured MR variations ΔV during the convergence step are depicted in the Supplementary Figures (Supplementary Figures  S5b and c) after 0, 2, 4 and 6 cycles of a counterclockwise rotating field and a diverging step. The measured MR signal is depicted in Supplementary Figures S5d and e (Supplementary Information) after 0, 2 and 4 cycles of a counterclockwise rotating field. The time variation (cycle rotation) of the MR signal is shown in Figure 5f . Based on measured MR signal (81.25 mV) and the sensor sensitivity (0.2 V mT − 1 ), the effective field is calculated to be nearly 0.4 mT, and this is good agreement with the theoretical approximation (0.34 mT). The percentage of coverage of the sensor surface with the resulting accumulated number of particles from each measurement points was estimated by ImageJ software (US National Institutes of Health, Bethesda, MD, USA, see Supplementary Information) and marked in Figure 5f . Here, the MR signal maxima were obtained at the coverage of 70%, because the pattern area overlapped on the sensor surface cannot accommodate any particle (Supplementary Figure S6) . The asymmetry in the time dependence of the convergence and divergence of the MR sensor signals reflects the state of initial particle dispersion and its area density on the spider web. In this magnetic spider technique, few numbers of particles can be detected by integrated MR sensor. Thus, this spider web pattern demonstrates the principle underlying the controlled transportation of biomolecule carriers even in low density that can improve the biosensor sensitivity and efficiency.
CONCLUSION
In summary, a novel technique was developed for the simultaneous manipulation and monitoring of biomolecules using a magnetic spider web consisting of several linear radii and spiral tracks. This design was successfully applied to the concentric collection of protein-coated superparamagnetic carrier particles at the symmetric spider web center. The integrated PHR sensor at the spider web center allows the detection of labeled particles. The voltage variation increases with the number of collected particles on the sensor and returns to the original value as the particles move away from the sensor surface. This novel platform could possibly open a new biological assay system for future diagnostic devices that overcomes potential issues facing existing nano/micro-biosensors, that is, the limitations regarding detecting particles that are distant from the sensor surface, and allows us to accurately manipulate and detect bioanalytes.
